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Abstract The law of start-up, acceleration profile and leave-out for queuing vehicles at signal intersec-
tions is a fundamental question for the queuing theory, traffic simulation and etc in traffic engineering.
This paper investigates the vehicular flow at two protected left-turns by video cameras installed at sig-
nal intersections, and checks the accuracy of speed processing software. Based on the statistical analysis
and the method of curve fitting, the research team establishes the model of start-up and speed-time
profile for the queuing vehicles in the protected left-turns at signal intersections. Then the leave-out
time of vehicles is calculated based on the established formulas in these models, which is consistent
with the observed leave-out time of vehicles by the video. The developed models proved to be accurate.
The paper concludes that the queuing vehicles follow by a linear start after the green light, and the
speed-time profile indicates an “S” shape from vehicles starting to reach the stable saturation flow. The
speed and the queue sequence of first vehicle of saturation flow are different at different intersections,
but the law of start-up of vehicles is the same: The same reaction time for the first vehicle and the
same linear start-time interval for the adjacent vehicle in the queue. The relationship of leave-out time
and the queue sequence of vehicle is nonlinear before the saturation flow. According to the models
developed in this paper, the queue sequence of first vehicle of saturation flow and the law of leave-out
time of vehicles can be calculated accurately, which is the fundamental for the queuing theory and the

traffic simulation.
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1 Introduction
Understanding vehicle acceleration and speed variation in a traffic stream is fundamental in
traffic flow modeling!!!, Vehicle acceleration characteristic provides critical information for the

geometric design of intersections, freeway ramps, passing lanes, acceleration lanes, and turning
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bays. Vehicle acceleration models were also used in traffic simulation and fuel consumption

models2—3],

However, accurately obtaining vehicle acceleration data at intersections is not an
easy task due to the very short acceleration time period for queued vehicles at an intersection.
Many data collection techniques and data analysis methodology are not be able to capture the
vehiel actual acceleration characteristics in the real world.

Signalized intersections are often the bottleneck of traffic flow. To research for the best
congestion control plans through optimizing signal timing design, traffic simulation programs
are widely used by transportation system operators and researches alike. The average vehicular
delay and the traffic capacity are the main evaluation parameters which needed to be quan-

[4l. The vehicle acceleration

tified for the optimized strategies made by the traffic simulation
characteristics (how they are discharged from the queue)are important input to the models!®.
Without the accurate input, no simulation models can produce meaningful results for practical
applications.

The researches on the vehicle acceleration profile and discharging characteristics at signal
intersections in China are very much limited. In the other countries, researches mostly focus
on the acceleration profile models for vehicles. Based on the investigation to the traffic flow
by video cameras installed at signal intersections and different video processing, the data of
the vehicular start-up time, the speed during the acceleration and the leave-out time for the
queuing vehicles are gotten in this paper, then the research team establishes the models of
start-up and speed-time profile of queuing vehicles.

According to the actual traffic condition at signalized intersections in China, the flow of
protected left-turn vehicles is more stable than that of straight. To exclude the interference of
interferential factors, this paper aimed at the protected left-turn lane to develop the models of

the start-up and speed profiles for the queuing vehicles.

2 Literature Review

When the right-of-way is assigned by traffic signal to vehicles at intersection, the queuing
vehicles begin to start one by one. The start-up lost time contains the start-up reaction time
of the drivers and the acceleration time of the vehicles. According to the traffic investigation,
Zongl%l got the average start-up lost time of the first vehicle is 2.1s, which is similar to the result
of 2.3s in the Fundamentals of Traffic Engineering!”. The software of VISSIM and CORSIM
use 2s as the start-up lost time®). In the Highway Capacity Manual!®, the start-up lost time
is computed by the sum of the first four vehicles’ start-up lost time. Bham and Benekohall?!
got 1.2s as the average reaction time in the Ohio Data.

A linear model of the vehicular start time is developed by Zong!® and Yang!*!l: The start
time of the vehicle increases linearly with the sequence of the vehicle in the queue. When the
vehicles reach the saturate flow, the time of the vehicle to leave the stop line is also linear with
the order of the vehicle in the queuel®.

Historical researches used to build the model of speed-time profile based on the acceleration-
time profile. This has focused on four types of acceleration characteristic: (a) constant accel-
eration model (single regime model), (b) dual-regime acceleration model, (c) linear decreasing

acceleration model and (d) polynomial acceleration model.
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Figure 1 Acceleration profiles for (a) constant, (b) dual-regime accelera-

tion, (c) linearly decay, and (d) polynomial models

Constant acceleration model assumes a constant rate of acceleration throughout the accel-

2] In that model, the speed of vehicles tends to change abruptly. For the

eration maneuver!
vehicles in cellular automata model, they can come to a stop from a maximum speed of 135km /h
in one second. NETSIM, FRESIM, and CARSIM used the constant acceleration models alsol®.

Several studies demonstrated that the assumption of a constant acceleration rate is unre-
alistic for through acceleration. It is conventional that the acceleration is greater when speed
is low, and smaller when speed is high!*3l. Bham and Benekohall'® selected the average speed
profile of vehicles from the field data and presented the dual-regime model providing higher
acceleration rate at lower speeds and lower acceleration rate at higher speeds (Figure 1(b)).
The sets of field data are used in that paper were from the Ohio State University Data (1975)
and the FHWA Datal'¥. Both the data sets provide speed of vehicles at one second interval.
For Ohio Data, the speed of the vehicle is estimated to be accurate within £1.6 km/h.

The linearly-decreasing acceleration model assumes that the maximum acceleration rate
occurs at the beginning of the acceleration process while vehicle speed is zero, and decreases to
zero at the end of the acceleration process while vehicle speed reaches free flow speed. Research
shows that the linearly-decreasing acceleration model provides a good representation of normal
acceleration characteristics except for the unrealistic assumption of high initial acceleration rate
at the beginning of the acceleration process!'9.

Akcelik and Biggs!!l and Akcelik and Besley!' proposed a nonlinear polynomial acceleration
model to describe the relationship between acceleration rate and time. The researchers collected
field data from an instrumented vehicle through urban and non-urban area chase-car studies of
1037 vehicles in Sydney Australia. The results reported that the polynomial model provided
good fit to the field data (Figure 1(d)).

Liu et al.'” and Nie et al.l'® tested the speed profile of the drive shaft of the vehicle by
the rotary transducer and obtained the speed after the vehicles start up. The findings showed
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that the acceleration becomes slower after the first fast. Using the second-by-second speed
data collected by the Sydney University, Mechanical Engineering Department, by means of
an instrumented car in urban, suburban and rural road condition!*®, Akcelik" selected the
acceleration as the variable, and evaluated comparatively three models of acceleration (a two-
term sinusoidal, a three-term sinusoidal, and a polynomial model). The results showed that
the polynomial model was the best for predicting acceleration distance. For the speed profile,
the authors found that these models yield the S-shaped speed-time trace, but authors didn’t
present the model of speed profile.

Generally, there are four major variables involved in the acceleration process: speed, time,
rate of acceleration, and distance. In this study, speed and time are the original information
collected from the field. As a result, these two variables exhibit better accuracy than secondary
data, such as the rate of acceleration, which is ultimately calculated using the speed and
time. Distance is an accumulative variable, and can therefore result in confounding errors
thereby decreasing data accuracy. Thus, the majority of researcher focused on the speed vs.
time relationship, which is the speed profile instead of the acceleration profile, to model the

acceleration process.

The accuracy of speed-time profile for the vehicles after start-up is largely limited to the
tools or the methods that used to survey the vehicular speed. The acceleration process only
occurs for short time periods throughout the natural driving process. This makes it difficult
to capture natural driving behaviors and to investigate the influence of road physical features
on the acceleration process. Historically, researchers performed various vehicle acceleration
characteristics studies dating back decades, and developed various types of models to describe
the acceleration process. However, the data used in previous studies are usually characterized by
limited data collection techniques and methodologies. Database used in this study was usually
investigated by in-vehicle Global Positioning System (GPS) technology, and the measurement
error of GPS data is about +5m, about 5km/ h29. The speed and acceleration data investigated
by the instrumented vehicle can be affected by the type of the instrumented vehicle or the
personal characteristics of the driver. The laser speed gun was often used to investigate point
speed, it is not suitable to get the continuous speed. In this case, the video surveys are used
more and more widely because it is labor-saving and accurate, such as the velocities acquired
by the aerial photography were determined within 1.6km/h. However, video surveys collected

may limited by the influence factors of angle of view and the place.

For the acceleration model of the queuing vehicles at signal intersections, the researchers
mostly focused on the leading passenger car. E.g., Chowdhury and Raol?!l proposed a two-
phase linearly-decreasing acceleration model based on field data collected from a signalized
intersection for the leading passenger car in a queue. Long??l made an extensive discussion
and study of acceleration characteristics of starting vehicles. He mentioned previous research
that was carried out at signalized intersections decades ago using data from spot studies. The
researches on the law of start-up, acceleration profile and leave-out for queuing vehicles at signal
intersections in China is less.

Based on the investigation of the traffic flow by video cameras installed at signal intersections

and using different video processing, the research team checked the accuracy of speed processing
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software and established the models of start-up and speed-time profile for the queuing vehicles.
The database was investigated from the passenger cars without the effects of pedestrians in

protected left-turn at urban signal intersections.

3 Data Collection

In order to ensure the credibility of the study and make compare with different intersections,
the imagery data have been collected by the camera placed at corners of two intersections in
order to get the accurate bird-view. These typical urban four-approach intersections operate
with a four-phase signal plan with a protected left-turn phase for both heavily traveled streets.
During the rush hours, majority of left turning vehicles have to wait for more than one signal
cycle to pass the intersection. The information for the investigated intersections is shown in
Table 1.

Table 1 Information for the investigated intersections

Collection site Intersection A  Intersection B
Width of left-turn lane 3.3m 3.2m
Length of left-turn lane by video observation 50m 75m
Traffic volume of whole intersection (7:00-19:00) 52,500pcu 41,400pcu
Average queue vehicle number >8 8
The max queue vehicle number >12 14

Figure 2 Layout of the investigated intersections

The data collection lasted for three consecutive workdays at each of the two investigated
signal intersections. With the collected imagery data and the spatial data from processing
software, the following variables are obtained: Start-up time of the queuing vehicles after the
green light, the speed of the vehicular acceleration process from start-up to leaving the stop
line, which will be called the speed-time profile of the vehicle. The start-up time of the vehicles
is calculated from the field video which is played one by one frame (the time interval is 0.04s).
The speed is obtained by a position software every half second, based on the coordinate system
illustrated by a Total Station (Figure 2). The data are collected under good weather with
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only small vehicles (excluding the data from the protected phase when buses, large trucks and
U-turn vehicles are present) for protected left-turn, in order to obtain the start-time and speed
profile accurately.

According to the conclusions of literature views, the accuracy of speed is largely affected
by the tools or the methods used in investigation. The accuracy for the measurement error of
speed is tested, which is showed in Figure 3.

Figure 3 Accuracy test for the measurement error of speed

Two lines are painted on the ground (l1,13), and the distance between them is two meters
(L12). The time (T312) that vehicles pass through {1 and s can be investigated when the field
video is played one by one frame (the time interval is 0.04s). Then the actual speed can be
calculated by L1 and Tys. The difference between the actual speed (V1) and the speed (V2)
obtained by the positioning software is the measurement error. The results of accuracy test
are showed in Table 2. The average difference between V; and V3 is 0.1km/h, and the max
is +£1.2 km/h, the relative difference of the speed is within 5%. Thus, the accuracy of the
speed investigated by the positioning software is within +1.2 km/h and the relative difference
is within 5%.

Table 2 Measurement error of speed

Speed Mean Standard deviation Min Max Median Sample size
AVkm/h 0.1 0.5 —-1.1 1.2 0.1 100
Relative difference  0.5% 2.3% —4.5%  4.9% 0.5% 100

4 Analysis
4.1 Law of Start-Up

The 5% censored value method is used in data processing to exclude abnormal data: the
start-time of the queuing vehicles is ordered from the small to the large, then the minimum
value of 2.5% and the maximum of 2.5% is deleted. The sample size for the start-time of
the queuing vehicles at intersection A is 200, and 150 at intersection B, which are statistic in
Table 3.
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Table 3 Statistic results of start-up time

Queue sequence Intersection A Intersection B

Mean Max Min Standard deviation Average Max Min Standard deviation

1(s) 1.89 2.80 0.90 0.50 1.88 290 0091 0.52
2(s) 2.92 430 1.51 0.57 2.96 4.30 1.70 0.58
3(s) 3.94 531 270 0.61 3.98  5.60 2.67 0.60
4(s) 492 6.31 3.31 0.74 5.03  6.30 3.67 0.59
5(s) 6.02 7.52 4.11 0.78 6.04 7.01 4.70 0.55
6(s) 6.91 8.51 5.40 0.80 710 8.01 5.81 0.54
7(s) 817 9.41 6.40 0.67 829  9.30 7.10 0.56
8(s) 9.34 10.42 8.82 0.52 9.47 10.12 8.30 0.62
Sample size 200 150

The average start-time interval is stable around a certain value (Table 3), a linear regression
model is used to describe the law of start-up time of the queuing vehicles (Figure 4). The fitted
formulas are as follows:

At intersection A:

T =1.05 X ko +0.77 (1)

At intersection B:

T =1.07 x ky +0.76 (2)

T: Start-time after the green light(s); K,: Queue sequence of the vehicle at intersection A; Kj:

Queue sequence of the vehicle at intersection B.
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Figure 4 Regressive analysis between queue sequence and start-up time

The queuing vehicles begin to move one by one after the start-up reaction time, which is
showed in Figure 4. The first vehicle’s start-up reaction time is the longest, which is 1.82s at
intersection A: 1.0540.77, and it is 1.83s at intersection B. There is no difference between them.
The mean start-up time between the following vehicles is similar at different intersections, which

is 1.05s at intersection A and 1.07s at intersection B.
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4.2 Speed-Time Profile

The speed of the vehicles after start-up is investigated at the two intersections. Figure 5
shows the scatter diagram of the speed-time profile. The curve is the average speed profile,
which is used to establish the speed-time model below.

30

the average
25 * field data

20

speed (km/h)
=
o

time (s)

Figure 5 Scatter plot of speed profiles

The following characteristics can be found from Figure 5:

1) Speed profile indicates an “S” shape;

2) Speed is zero at the start and tends to a stable value at the end.

Based on the two characteristics, an improved “S” curve formula (S 4+ .52) is used to shape
the speed-time profile (V'(¢)). The improved “S” curve formula combines the “S” curve formula
which the end is gentle (S7) and the “S” curve through the origin point (S3).

Final equation model is as follows:

- aj + a4
o 1—|—a2><e(“3”) 1+ a5 X tes

V(t) (3)
V(t): Speed of the vehicle after start-up; t: Time; e: Natural logarithms; a1, as, as, a4, as, ae:
Constant parameters.

There are two parts in Equation (3). The first part is the formula S; and the second is the
formula S5. According to the Limit Theorem of Function, the sum of the constant parameters
a1 and ay4 is the final stable speed, the saturation speed of the vehicular flow. The speed-time
profiles of the queuing vehicles at intersection A and intersection B are modeled by the Fitting
Tool Software, which are as follows (Equation (4) is the intersection A, Equation (5) is the
intersection B):

17.75 6.41

Va(t) = 1 1787 x (05358 T 11 19.08 x (212 )
7.81 12.2

Vo(t) = 1 62.66 x o 0598 | T 11.33 x (22D ®)

The figures of speed profiles and acceleration profiles are shown in the Figure 6 and Figure 7.
Both of the fitting correlation coefficients are 0.99 (R?).
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Figure 6 Speed and acceleration profiles (intersection A)
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Figure 7 Speed and acceleration profiles (intersection B)

It shows that the S-shaped speed-time model provided good fit to the field data. The speeds
increase rapidly at the beginning with a decreasing rate as time increases and end at a relatively
stable speed level described as saturation speed. The saturation speed at intersection A is 24
km/h, and 20km/h at intersection B. The acceleration profile shows that acceleration rate is
zero at the start and the end of acceleration run.

4.3 Law of Leave-Out

The leave-out time of vehicles is the time when the vehicle passes through the stop line
at the intersection. The calculated leave-out time can be solved by the model of start-up and
the model of speed profile. By comparing the calculated and the actual leave-out time of the
vehicle, the model developed above can be tested, and the model of leave-out time of vehicles
can be established accurately also.

Based on the investigated data of the space headway of the still queuing vehicles (hg) and
the statistical analysis, there is no significant difference to hy at different intersections. The hg
of both intersection A and B distribute between 5.8 and 7.6 m, and the average of both is 6.6m

(intersection A is 6.62m, intersection B is 6.58m). Thus, the time of the vehicles from start-up
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to leaving the intersection can be solved according to the queuing sequence (K) and hg4, which
is denoted as t3. The equation used to solve t5 is

ha x k= /0 * byt (6)

The t; is the time of start-up after the green light, which is calculated by Equation (1) or
(2) based on the K. The sum ¢; and t; is the leave-out time of vehicles (¢3): t3 = t1 + to.

With intersection A as an example, Figure 8 is the compare between the actual depart-out
time and the calculated by fitted model. The scatters are the actual values and the curve is
the calculated.

fitted model
* field data

1 2 3 4 5 6 7 8 9
the sequence in the queue (-th)

Figure 8 Scatter plot vs. fitted model for the leave time of left-turns

The space headway and the speed of the vehicle increase gradually after start-up. The
relationship between leave-time and the queue sequence of vehicles is nonlinear before the
saturation flow. Departure rate of the vehicles is linear when the speed of vehicle reaches the
saturation speed. It is also shown that the calculated leave-time of vehicles is consistent with
the observed actual leave-out time of vehicles. The established models proved to be accurate.

It takes 10.5s when the speed of the vehicle reaches the saturation speed of 24 km/h after
start-up at intersection A (Figure 6). Let t2 equal to 10.5s, and the distance before saturation
flow(S) is

S— /0 o(t)dt (7)

Equation (4) is inserted into Equation (7), and the distance before saturation flow at in-
tersection A (S,) is obtained: 36.5m. The queue sequence of first vehicle of saturation flow at
intersection A (Ks_q) is Ks—q = Sq/ha=5.53. Thus the sixth vehicle in the queuing is the first
to reach the saturation speed. The Kg at intersection B can be solved as the same, and the
result of K,_ is the fifth vehicle.

5 Discussion

The start-up time of the first vehicle is 1.8s in this paper, which is similar to the start-up
lost time by Zong!®, the Fundamentals of Traffic Engineering and et al. The saturation start-up
lost time contains the reaction time and the acceleration time of the vehicles in unsaturation
flow, which is 6.6s at intersection A in this paper. It is far greater then 2s in VISSIM.

A linear start-up model for the queuing vehicles is developed in this paper (Equations (1)
and (2)). However, the constant parameter of reaction time to vehicles is different with other
researches. In this paper, the average reaction time to vehicles is 1.06s, which is close to the
1.2s by Bham and Benekohall!?), greater than the result of 0.8s. The compare between the
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calculated and the actual leave-out time of the vehicle indicates that the average reaction time
of 1.06s is more realistic.

There are mainly four typical acceleration models for queuing vehicles: Constant, dual-
regime, linearly decay, and polynomial models. Figure 9 shows the compare between the four
typical models. The speed of vehicles tends to change abruptly in constant and two phase
models. The highest acceleration is assumed at the beginning of the acceleration process in
linearly decay model, which is unrealistic. The polynomial model provides good fit to the field
data in the Figure 9. But the speed decreased at the end of the curve, which is also showed in
Figure 9. The S-shaped speed-time profile in this paper is realistic relatively. It is similar to
the polynomial model of speed profile except for the end part.

—4—ficld data

—=—constant acceleration

50 1 duleregime
acceleration
—linearly decay
0.0 T
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
time (s)

Figure 9 Comparison of speed profiles for different acceleration models

A common problem exists in the four typical acceleration models: They are unable to
calculate the speed of saturation low when the parameters are certain in the models. At the
end of the curve in the constant, two phase and linearly decay model, the speed is much higher
than the actual value, and the speed is smaller than the actual value in the polynomial model
(Figure 9). In the S-shaped model of speed-time profile in this paper, the sum of the constant
parameters a; and a4 is the saturation speed. The saturation speed can be calculated easily by
the model itself, and the result tested by the actual field data proved to be accurate.

The speed of saturation flow is different at different intersections, which is mainly affected
by the width of the lane and the turning radius. The distance of the vehicle from start-up to
reaching the saturation speed is also different. It takes 10.5s when the speed of the vehicle
reaches the saturation speed of 24km/h after start-up at intersection A, and it takes 9.5s when
the speed of the vehicle reaches the saturation speed of 20km/h at intersection B. According
to the consistent hg of 6.6m and the Equation (6), the following results can be gotten. The

sixth vehicle in the queuing is the first to reach the saturation speed at intersection A and the
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fifth at intersection B, which is coincident with the conclusion that the first four vehicles in
the queue counter headways longer than the saturation headway in Highway Capacity Manual
2010 edition.

The linear model of leave-out to the queuing vehicles is widely used in queuing theory in
traffic engineering, such as the “Traffic Engineering’, “*HCM2010”. The conclusion in this paper
is that the leave-time and the queue sequence of vehicles is nonlinear before the saturation flow.
When the speed of vehicle reaches the saturation speed, departure rate of the vehicles is linear,

which is coincident with the actual (Figure 8).

6 Conclusion

By investigating how the queuing vehicles start up and accelerate at two intersections,
validation at the microscopic level has been conducted for speed of individual vehicles. The
paper concludes that the queuing vehicles follow by a linear start after the green light, and the
speed-time profile indicates an “S” shape from vehicles starting to reaching the stable saturation
flow. The speed and the queue sequence of first vehicle of saturation flow are different at different
intersections, but the law of start-up of vehicles is the same. The relationship of leave-time and
the queue sequence of vehicles is nonlinear before the saturation flow. The main methods are
statistical analysis and the method of curve fitting.

The accuracy of the software used in this paper for the measurement error of speed is tested,
and the actual leave-time of the vehicles from the video is compared with the calculated by the
models developed in this paper. There results show close agreement to the field data, which
prove the accuracy of the models.

The modeling of the acceleration and speed profiles of vehicles in a traffic stream is a funda-
mental question in traffic. Vehicular acceleration characteristic provides critical information for
the design of intersections and the traffic simulation. At the same time, the law of start-up and
leave-out for queue vehicles are the fundamental for the queuing theory in traffic engineering.

The saturation speed is different at different intersection and the acceleration profiles or the
speed profile is also different for queuing vehicles. The S-shaped speed profile can be modeled
when the saturation speed and the acceleration time are certain, then the trajectory and speed
of individual vehicle in microscopic level can be conducted easily. The models developed in
this paper will be applied more widely if determining the impact on the saturation speed by
the width of the lane and the turning radius, which mainly affected the saturation speed at
intersections. It needs more investigated field data to do that work. The imagery data collected
by a camera from a bird’s-eye-view are limited by the influence factors of angle of view, place
and etc. at the intersections. Two feasible intersections are selected to be the database based

on a general investigation in this paper.
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